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We propose a new approach to high-intensity relativistic laser-driven electron acceleration in a plasma. Here, 
we demonstrate that a plasma wave generated by a stimulated forward-scattering of an incident laser pulse 
can be in the longest acceleration phase with injected relativistic beam electrons. This is why the plasma wave 
has the maximum amplification coefficient which is determined by the acceleration time and the breakdown 
(overturn) electric field in which the acceleration of the injected beam electrons occurs. We must note that for 
the longest acceleration phase the relativity of the injected beam electrons plays a crucial role in our scheme. 
We estimate qualitatively the acceleration parameters of relativistic electrons in the held of a plasma wave 
generated at the stimulated forward-scattering of a high-intensity laser pulse in a plasma. 
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During the past few decades plasma accelerators have 
attracted increasing interest of scientists from all over the 
world due to its compactness, much cheaper construction 
costs compared to those for conventional one and various 
applications ranging from high energy physics to medical 
and industrial applications. An intense electromagnetic 
pulse can create a plasma oscillations through the stim¬ 
ulated scattering. Relativistic electrons injected into the 
plasma wave can be accelerated to much higher energy 
than nonrelativistic one. 

The idea to accelerate the charged particles in a plasma 
medium using collective plasma wave fields generated 
by the high-energy electron beams belongs to the So¬ 
viet physicists G. I. Budker, V. I. Veksler and la. B. 
Fainbergia 3 in 1956, whereas assumptions for generation 
of plasma Langmuir waves by nonrelativistic electron 
bunches propagating through plasma were first made 
earlier in 1949^. High-energy bunch electrons gener¬ 
ate a plasma wave in such a way that the energy from 
a bunch of electrons is transferred to the plasma wave 
through stimulated Cherenkov resonance radiation pro¬ 
ducing high acceleration electric fields. Later on, an¬ 
other acceleration scheme using a laser— or time-shifted 
sequence of bunched high-energy electrons injected into 
a cold plasma was proposed^. In recent experiments at 
the Stanford Linear Accelerator Center it was shown that 
an energy gain of more than 42 GeV was achieved in a 
meter long plasma wakeheld accelerator, driven by a 42 
GeV electron beam— For a detailed review about the 
modern status of this research held we would like to refer 
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a reader to2d£. 

Early experiments of the 60s and 70s demonstrated 
that efficiency of acceleration using the high-energy 
beams is much less than the expected one and the gen¬ 
erated held is much lower than a breakdown (overturn) 
electric heldi— 

Epmax = 'JZ'mVpUp/e. ( 1 ) 

where e- electron charge, m - its mass, V p - plasma wave 
phase velocity, V p = oj p /k p where k p - plasma wave vec¬ 
tor, Up - plasma frequency, to p = \J 47re 2 n e /m with n e 
being the electron density and m - its mass. The expla¬ 
nation for the experiments failure was given in the workH 
where it was shown that trapping of electrons in a gen¬ 
erated by a beam plasma wave occurs and as a result 
growth of the held amplitude stops when the held ampli¬ 
tude is much less than that of the breakdown hel d 13 ' 14 . 

With the appearance of the high-intensity lasers in the 
80s, a new era of plasma acceleration has begun. The 
hopes were fed by possibility of the stimulated scatter¬ 
ing of a laser pulse by plasma electrons in a rare plasma 
with the generation of high-intensity longitudinal plasma 
wave where the electron trapping does not occur and, 
as a result, high helds with respect to the breakdown 
held E Pmax can be generated. However, there are still 
a lot of unsolved problems related to the development 
of instabilities hindering the laser-driven plasma-based 
acceleration—i. 

The problem of plasma stability in external nonrela¬ 
tivistic high-frequency held (laser) Eo(t) = E 0 sin(w(V + 
kor) with Eq being the amplitude and wo being the fre¬ 
quency of the incident laser wave (wo >> uj p ) was exten¬ 
sively studied i n 13 : 14 . The scattering of a high-frequency 
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transverse electromagnetic wave in a plasma which ex¬ 
cites the longitudinal plasma wave can be described by 
the following dispersion relation^: 

- av 2 ) (u >, 2 - c 2 fc, 2 ) = , (2) 


where uj s = wo — u - transverse scattered wave fre¬ 
quency, fc s = fco — k - wave vector of the scattered 
wave, oj = ujp + iS with 5 being the increment, to 
and k are the frequency and wave vector of a gener¬ 
ated plasma wave respectively, oj p » kvTe,Wi, where 
VTe - electron thermal velocity, u>i - ion frequency, and 
Ve = eEo/moJo (V E « c) - velocity of plasma elec¬ 
trons oscillating in a laser field. Herefrom, two limit¬ 
ing cases follow: 1) The Raman forward-scattering (to¬ 
wards the injection of a laser pulse) with the increment 
Sf = (1/4)w p (Ve 2 w p /c 2 wo) 1,/2 I 2) The Thomson back- 
scattering (backwards the laser pulse) with the increment 
6b = (V3/2)u} p (V E 2 u}o/ (2 c 2 ^)) 1 / 3 which is much higher 
than Sf. In this case the wake is generated which is well 
studied in many works starting from^ till the modern 
daysi£. 

A fundamental issue of conventional acceleration 
schemes employing parametrically driven plasma wave 
generation is the following: in spite of the fact that the 
instability induced by the backward-scattering generat¬ 
ing a plasma wave or a wake has a maximum incre¬ 
ment 5b compared to that generated by a forward one 
Sf by 3(wo/w p ) 5 / 6 timesi^ (see Fig. 0. this acceleration 
scheme is not suitable for particle acceleration because 
such lasers have a very short laser pulse length. Since the 
wave vector of a plasma wave k p is equal to the double 
magnitude of that of a laser pulse ( k p ~ 2wo/c), the phase 
velocity of a plasma wave is quite low. Due to this fact 
the wave leaves behind both the laser and the backward- 
scattered waves getting localized at the back to the front 
of the laser pulse. As a result the plasma wave gets soon 
out of the acceleration phase with the laser wave and the 
electron beam injected into the plasma gets soon out of a 
phase with the plasma wave what halts the acceleration 
process. 

In this work, we would like to propose another accel¬ 
eration scheme, namely: a stimulated forward-scattering 
based plasma acceleration of relativistic electrons. Due 
to the stimulated laser forward-scattering a plasma wave 
is generated as well. In this case, the plasma wave and 
the injected electrons can stay in acceleration phase for 
a much longer time. The dispersion relation @ can be 
easily generalized for relativistic laser pulse when V E — c. 
This can be done only for a laser with circular polariza¬ 
tion when the high frequency harmonics are absent^. In 
this case, Eq. @ takes the following form: 



u> P 2 k 2 V E 2 
470 3 


( 3 ) 


where 70 = (1 — V E 2 /c 2 ) 3 / 2 (Ve —> c). From this 
equation follows that the instability increment increases 
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FIG. 1. Schematic illustration of a wave vector model for 
interaction of the high-intensity laser pulse (fco) with plasma 
which generates a plasma wave (fc p ) and forward- (fci) (a) and 
backward-scattered (fci) (b) waves, where ko — k\ >> k p is 
valid for the forward-scattering case, and |fco| — | — ki\ « |fc p | 
- for the back- scattering case . 


proportionally to Ve growth when V E « c, and - 
decreases when Ve —> c. The corresponding incre¬ 
ment magnitudes are for the forward Raman scatter¬ 
ing: Sf ~ oj p (V e 2 u p /c 2 uj 0 • (I/ 70 7 / 2 )) 1 / 2 and for the 
Thomson scattering: 5b ^ u} p (V E 2 u} 0 /(2c 2 co p )-(l/'yo 3 )) 1 ^ 3 
and 5f/5b « 1 by 3 (tn p /a;o) 5 ^ 6 ( 14 ;/ 7 o 9 / 4 c) 1 / 3 ) times. 
Their maximum increment magnitudes respectively: 
Sf ~ OAujp^p/uJo) 1 / 2 at Ve/c ~ 0.6 and 5b ~ 
0.56o;p(wo/(2a; p )) 1 / 3 at Ve/c ~ 0.63. 

Correspondingly, the breakdown electric field will turn 
intoii: 


E Pmax = V2mV p ujp^/e, ( 4 ) 


where V p ~ c. 

According to our studies, we must note that the longest 
acceleration time takes place only when the injected elec¬ 
trons are relativistic compared to the earlier known works 
in such research field described ini2 where the electrons 
were either nonrelativistic or weakly relativistic. We pre¬ 
sume that this factor assisted in the successful accelera¬ 
tion made ini£. 

Let the laser pulse with Langmuir frequency too be in¬ 
jected into the cold plasma at w 0 2 >> u p 2 . Consider 
the case when Z 11 Vo, Vo, V\ and V p - phase velocities of 
laser, forward-scattered and plasma waves. Here, we em¬ 
ploy the CGS system of units. The parametric resonance 
for the stimulated forward-scattering can be written as 
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following: 


U!p 

W 0 = U>1 + —=T 

V 7 o ( 5 ) 

k 0 = fei + fc p , 

where ko, k\ and k p are the wave vectors of the incident 
laser pulse, forward-scattered wave and plasma wave re¬ 
spectively, wi and w p - corresponding real parts of the 
frequencies ui s and w: 


|Vp - u 0 \Tf « CTy/^/Up. ( 9 ) 

and Eqs. 0 and © we can determine the acceleration 
time: 


27T7o 3/2 7 2 wg 

w P |w 2 7 2 - wg7o|. 


( 10 ) 


w 0 


Wi 




( 6 ) 


After having solved the system of Eqs. m and © one 
can find out that the phase velocities of three waves are 
the following 





= c 




up A 

y/lokp) 



(7) 


where Vo = V\ > c, V p < c and approximately equal 
to each other Vo ~ V\ ~ V p since w p 2 / 7 oWo 2 << 1. 
These phase velocities of incident and scattered waves 
are slightly higher than the speed of light, whereas that 
of a plasma wave is slightly less like in a laser-driven 
wakefield regime described ini£. The condition for the 
resonance interaction © can be satisfied for a sufficiently 
long time until the amplitude of the plasma wave becomes 
higher than that of the laser incident wave and the re¬ 
versed process of feeding back of the incident wave starts. 
If the laser is powerful enough than the instability will 
keep growing until a breakdown (overturn) of the plasma 
wave occurs, i.e. when the magnitude of the saturation 
plasma wave amplitude becomes equal to E Pm (see Eq. 
©. The acceleration constraint © enables us to control 
the acceleration process. In order to determine the elec¬ 
tron acceleration time we need to estimate the duration 
of acceleration, i.e. the time interval during which the 
phase velocities of a plasma wave and that of an electron 
remains approximately equal to each other. 

Taking into account this condition we can estimate the 
duration of acceleration of a relativistic electron with an 
initial energy e = mc 2 ( 7 — 1 ), 7 = 1 /y/l — uq 2 /c 2 >> 1 , 
uq is the speed of an electron beam. The speed of such 
an electron is the following: 


uo _ ,_)_ 

c 27 s 


( 8 ) 


Using the following estimation formula for acceleration 
time: 


At 7 = 1 this equation transforms into equation for the 
acceleration of electron at a rest by the plasma wave 
generated by the forward-scattering: 77 = 2ir^/ 7 yo/ujp, 
which is much less than that for the relativistic electron 
at 7 >> yqtiwo/wp: 77 = 27rw 0 2 7o 3/2 /wp 3 ■&. 

Taking into account Eq. © and (1101) the following mo¬ 
mentum and energy growth can be obtained: 

AP ~ eE Pmax T f’ Ae ~ eE Pmax T f C - ( U ) 

Let us make some estimations for a laser-driven 
plasma-based electron accelerator and compare with the 
results obtained at the SPARC_LAB facility of INFN-LNF 
in Frascati, Italy^ where we presume that the stimulated 
forward-scattering scheme employing the relativistic elec¬ 
trons was realized, i.e. acceleration of injected relativistic 
electrons to the higher energies. 

• Estimated parameters 

- w 0 = 2.35 • 10 15 s -1 (A = 800 nm), oj p = 1.8 ■ 10 13 
s -1 , n e = 10 17 cm -3 , I = 10 20 W/cm 2 , E 0 ~ 0.3 
TeV, 70 ~ 7. 

- An electron with energy growth of 150 MeV (7 = 
297) can gain the maximum energy Ae ~ 1.6 TeV 
in the breakdown field of E Pmax ~ 1 GV/cm during 
Tf = 50 ns over the maximum acceleration length of 
L ~ 14 m. Provided that the length of a capillary 
could be of the same size order: L ~ 14 m, the cor¬ 
responding energy growth for the SPARC_LAB facil¬ 
ity can be estimated to much higher energy growth 
of Ae ~ 70 GeV compared to the obtained one in¬ 
side the 8 cm-length capillary: ~ 0.40 GeV. Com¬ 
paring our results with the results obtained by the 
SPARC_LAB for the same capillary length: L ~ 8 
cm, we will get the energy growth of 9 GeV which 
is one order higher than the obtained one in the 
experiment. This is due to the missing data, i.e. 
we do not know the exact laser pulse intensity and 
the electron beam current used in the experiment. 

- The acceleration time in a frame of the stimulated 
backward-scattered model can be determined as 
71 = 7 r/ (2wo), Tb — 10 -15 s which is much less than 
that for the forward-scattered case: Tf ~ 50 • 10 -9 
s by approx. (wo^To/^p ) 3 times (provided that 
7 >> woVTo/^p)- The corresponding plasma wave 
lengths will be A& = itc/luo , Xb — 0.5/mi and 
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Xf = 271 x^ 70 /w p , Xf = 280/im. We must note 
that account of the relativistic velocities of plasma 
electrons leads to the longer acceleration time by 
7 o 3 / 2 times. 


In conclusion, we would like to note that an attempt 
to realize the acceleration scheme for the stimu¬ 
lated forward-scattering model in a dense plasma 
(n e ~ 1.5 • 10 19 cm -3 ) was made iiJ£. However, we 
presume that there is no sufficient evidence for real¬ 
ization of such an experiment, since only the plasma 
electrons were accelerated with the low initial energy, 
whereas the prerequisite is the high electron relativistic 
injection energy in order to be in an acceleration phase 
with the plasma wave of a relativistic phase velocity. 
Moreover, due to the high plasma density the plasma 
wave phase velocity was low what leads to breaking of 
the parametric resonance condition. This led to the low 
acceleration efficiency of ~ 40 MeV which is quite low 
compared to ours of ~ TeV. 

In the present work for the first time a new approach 
to solution of the analytical problem of relativistic 
interaction of a high-intensity laser pulse with plasmas 
in a frame of a stimulated forward-scattering based 
electrons acceleration model has been proposed. We 
must note that the relativity of the beam electrons is 
crucial for our here proposed acceleration scheme. 

The acceleration scheme employing the stimulated 
backward-scattered wave for particle acceleration in a 
wakefield is not suitable for particle acceleration because 
high-intensity lasers have a very short laser pulse length 
leading to a very short interaction time between the 
injected electron beam and the plasma wave. Instead, 
our new approach employing the stimulated forward¬ 
scattering and injection of relativistic electrons can 
provide more durable particle acceleration time inside 
the field of a plasma wave of a much longer length com¬ 
pared to the backward-scattered model where electrons 
just slip off the wave. For such a realization the injected 
electrons should be relativistic. The relativity of plasma 
electron velocities assists at the better convergence of 
the phase velocities of the plasma wave and of the laser 
with that of the beam electrons, respectively with the 
speed of light, providing the longer acceleration phase. 
In Eq. for a breakdown electric field for illustration 
purpose we took a constant topf field because the exact 


electric field profile during the instability growth is not 
known. However, the time interval during which the 
breakdown field can be gained is much less than the 
acceleration time what justifies our choice of the field 
profile. 

To assess how a forward-scattering based scheme 
compares quantitatively with the laser-driven wakefield 
acceleration scheme employing a ponderomotive force 
we are planning to run extensive simulations of the 
considered phenomena using available PIC codes. 

S.P. Sadykova would like to express her gratitude 
to the Helmholtz Foundation for its financial support of 
the work. 
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